We report a type of hybrid optical fiber created by filling the central hole of a silica hollow optical fiber (HOF) with an organic polymer to serve as the core. After suitable curing of the polymer filling of the HOF, a selfassembled one-dimensional polymer-air periodic structure was created without the need for an amplitude mask. This acts as a long-period fiber grating device with an axial refractive index modulation. Details of the fabrication method for the hybrid fiber grating and its transmission spectra analysis are reported.
Long-period fiber gratings (LPGs) have been widely used as band rejection filters and optical sensors in various photonic application fields [1] . LPGs have a periodic index modulation along the fiber core providing the coupling between the fundamental core mode and cladding modes. The first LPG was based on the UV photosensitivity of GeO 2 -SiO 2 core single-mode fibers (SMFs) and amplitude masks have been used under UV laser exposure to form a periodic index modulation [2] . In addition, to this UV photorefractive method, various fabrication techniques have been reported for LPGs in silica SMFs such as the use of a CO 2 laser [3, 4] , mechanical pressure [5, 6] , corrugation of cladding [7, 8] , and the point-to-point technique [9] , to name but a few. Silica SMF-LPGs, however, have relatively low sensitivity to temperature and mechanical strain, especially when compared with polymer optical fiber (POF) LPGs [10] . In polymeric planar waveguides, periodic gratings have also been achieved with high sensitivity using a thermo-optic method [11] and UV-writing technique [12] . Despite the advantages in sensitivity, POFLPGs have weaker resonant peak strength than silica LPGs, and their polymer waveguide fabrication processes are much more sophisticated than those for silica SMF LPGs.
In this Letter, we report an innovative alternative to previous types of fiber gratings by proposing a hybrid structure: a polymer core in a silica hollow optical fiber (HOF) that, after an optimal curing process, forms a self-assembled periodic polymer structure, the first of this kind to the best of our knowledge. It is noteworthy that the self-assembly process was initiated by mask-free irradiation of a conventional incoherent UV lamp or thermal heating. Details of the fabrication process and spectral analysis are reported below.
The proposed mask-free hybrid LPG fabrication process is schematically shown in Fig. 1 . First, we cleaved the HOF, which consists of a central air hole, a high-index GeO 2 -SiO 2 ring, and silica cladding [13] , as shown in Fig. 1(a) . Then we filled the HOF hole with a liquid polymer using capillary force as shown in Fig. 1(b) . The open end of the HOF was immersed in a liquid polymer droplet on a slide glass, and the liquid filled over 5 cm of the HOF in a few minutes by capillary force. The HOF hole had a diameter of 6 m and thickness of 2 m in the GeO 2 -SiO 2 ring. The filled liquid polymer in the HOF was cured by either UV irradiation or thermal heat under optimal conditions to initiate periodic self-assembly as shown in Fig. 1(c) . Confirming the periodic structure in the core of the HOF using a microscope, we chose a certain length of segment with a uniform pitch. After polishing each end of the hybrid fiber LPG segment, we obtained the final sample as shown in Fig. 1(d) . Figure 2 is the actual micrograph of the selfassembled grating, whose average pitch was about 18 m, along the polymer core inside the HOF. Note that this self-assembly process was achieved under UV irradiation without any photomask. Comparing the optical contrast in Fig. 2 , we can confirm that the polymer plugs have almost the same refractive index as the GeO 2 -SiO 2 ring and that the darker regions have a lower refractive index with a microbubble structure.
When the liquid polymer is cured, the polymer volume in the HOF hole rapidly shrinks during the transition from the liquid phase to the solid phase, forming a void space along the central hole of the HOF. In the microfluidic channel as in the central hole of the HOF, it is speculated that the combined effects of solidification and viscosity mismatch in the phase transition of the polymer caused a selfassembled periodic structure composed of a solid polymer plug and a void. Further investigation is being pursued by the authors to increase understanding of this unique self-assembly phenomenon.
To further analyze the periodic structure in the hybrid polymer core in silica HOF, the cross sections of the LPGs were carefully polished at different axial positions such as points (a) and (b) in Fig. 2 . The end faces were photographed as in the first and second column of Fig. 3 . Each picture corresponds to the regions completely filled as shown in Fig. 3(a) and partially filled with polymer as shown in Fig. 3(b) . As a reference for comparison, the facet of the HOF without polymer is given in Fig. 3(c) . A microbubble structure in Fig. 2 can be attributed to the partially filled polymer. The effective index in Fig. 3(b) was calculated for the fundamental mode at 1.55 m using a finite element method (FEM) package. The air void comprised 85% of the area of the core cross section based on the measurement in Fig. 3(b) . The cured solid polymer had a refractive index of 1.45 as shown in Fig. 4(a) , or 1.51 as shown in Fig. 4(b) . It was found that the air void in the self-assembled hybrid LPG reduced the effective index of the fundamental core mode, which constitutes the periodic index modulation in the proposed hybrid LPG.
The transmission spectra of the hybrid LPGs were measured using a white-light source and an optical spectrum analyzer after mechanically splicing the sample between two SMFs as shown in Fig. 5 . The glass tube (TS125, Thorlabs) served as a mechanical splicer with index matching oil (G608N, Thorlabs) to reduce the splicing loss.
To investigate the band rejection property of the polymer LPGs in transmission, two kinds of polymer LPGs, UV curable polymer and thermally curable polymers, were used. The UV curable polymer (Exguide ZPU13-RI 450, ChemOptics) had a cured refractive index of 1.45. We cured the UV polymer in two steps using a mercury xenon lamp (MUV-202U, Moritex). In the first step, we used a low intensity of 1 mW/cm 2 for less than 1 min to initiate the selfassembly process. Then a higher intensity of 50 mW/ cm 2 for 1 min was followed to fully cure the periodic structure. The pitch of the air holes was mainly determined by the first step, especially by the UV intensity. As a result, the polymer grating pitch ranged from 10 to 60 m, along the total length of 5 mm. A 15 m grating pitch occupied the longest range of the fabricated fiber grating. In Fig. 6(a) , the transmission spectrum shows a narrow and strong resonance near 1200 nm, which is similar to conventional LPGs. The coupling strength was 10 dB at the center of the peak and the FWHM was 23 nm.
Another polymer LPG was made from a thermally curable polymer (Exguide ZP51, ChemOptics), which had a cured refractive index of 1.51. As in the case of the UV polymer, the thermally curable polymer in the HOF was cured at a temperature of 250°C for 5 min using a rapid thermal annealing (RTA) system and at 250°C for 1 h using an oven. Grating pitches ranged from 10 to 40 m with an average of 20 m, while the total LPG length was 0.8 mm. The transmission spectrum in Fig. 6(b) shows a transmission dip around 1420 nm. Since the period of this LPG was heavily chirped, the spectrum showed a broadband rejection with FWHM over 100 nm.
In conclusion, we fabricated a hybrid LPG composed of periodic polymer plugs and voids in a silica HOF. Phase transition of the liquid polymer in the microfluidic channel in the HOF induced a unique self-assembled periodic structure either by thermal heat or uniform UV irradiation without using any photomasks. Transmission spectra showed typical band rejection characteristics as in conventional LPGs. These polymer plugs could provide a high sensitivity to both temperature and strain. We expect that the proposed polymer LPG within a silica HOF would have ample potential for economic fabrication and flexible design for applications such as filters, sensors, and other optical components. 
